Context: Chronic pancreatitis (CP) is characterized by inflammation, fibrosis, and a loss of pancreatic acinar cells, which can result in exocrine and eventually endocrine deficiency. Pancreatitis has been reported to induce formation of new endocrine cells (neogenesis) in mice. Our recent data have implicated chromogranin A-positive hormone-negative (CPHN) cells as potential evidence of neogenesis in humans.
patients with diabetes (7) . CP is thought to be the underlying cause in nearly 80% of all cases of type 3C diabetes (8) .
Chemokines control the essential process of attracting leukocytes to the tissues during inflammation (9, 10) . Previously, it has been reported that the existence of chemokine C-X-C motif ligand 10 (CXCL10) and chemokine C-X-C motif receptor 3 (CXCR3) with other chemokine C-X-C motif/CC chemokine subfamily chemokine signatures in humans with CP is associated with the progression of chronic inflammation (11) . Moreover, overexpression of another inflammatory initiator, toll-like receptor 4, has been reported to be upregulated in epithelial (pancreatic duct) or endothelial tissues in cerulein-induced pancreatitis in rats (12) . Although a lot is known about acinar and ductal cell function and abnormalities in humans with CP (13) , not much information is available on changes in identity of islet endocrine cells in CP. Inflammation-induced islet b cell regeneration has previously been reported in rats (14) ; however, the effect of inflammation in changing islet endocrine cell identity in humans with CP has not previously been investigated.
Several murine studies using a variety of lineage tracing approaches have reported an increase in newly formed endocrine cells from nonendocrine precursors under conditions of induced exocrine pancreas inflammation, for example by duct ligation (15, 16) . In several recent studies, we identified chromogranin A-positive hormone-negative (CPHN) cells as potential newly forming endocrine cells. For example, CPHN cells are most abundant in late gestation and early infancy coincident with the most rapid period of endocrine pancreas development. They reemerge in individuals with type 1 and type 2 diabetes for whom b cell regeneration has been suggested, although this treatment has been insufficient (17) (18) (19) . To date, the abundance and nature of CPHN cells in humans with CP has not been determined. In the current study, we sought to build on these prior studies to establish if there is an increase in CPHN cells in humans with CP.
We therefore sought to determine whether, in nondiabetic human subjects with CP in whom there is ongoing inflammation in the exocrine compartment but without the confounding effects of diabetes, we would find an increase in the frequency of nonhormoneexpressing endocrine cells. Furthermore, we questioned whether, as a consequence of the ongoing exocrine inflammation, there would be evidence of inflammation in the pancreatic islets, even in the absence of diabetes.
Materials and Methods

Human subjects
Sections of pancreas were obtained from the Mayo Clinic autopsy archives with Institutional Review Board permission (IRB no. 15-004992) from both the Mayo Clinic and University of California Los Angeles (UCLA). Two groups of adult human subjects were identified: (1) 38 control subjects without pancreatitis [18 lean and 20 obese; nonpancreatitis (NP)] [the majority (n = 24) of these control subjects were previously reported for quantification of nonhormone expressing endocrine cells] (17, 18) , and (2) 19 age-and body mass index (BMI)-matched individuals with CP. To be included, cases were required to have had (1) a full autopsy within 24 hours of death, (2) pancreatic tissue stored that was of adequate size and quality, and (3) no use of glucocorticoids. Cases were excluded if pancreatic tissue had undergone autolysis. Case subjects were identified based on these preferences in the Mayo Clinic autopsy database, and 4-mm sections of pancreas tail from the selected case subjects were obtained and made available to UCLA investigators in a manner coded to conceal the identity of the subjects. The CP and NP control cases used for measurement of b and a cell area percent were matched for age [59.6 6 4.2 vs 66.3 6 2.5 years, CP vs NP, P = not significant (NS)], sex (9 men and 10 women in the CP group, 16 men and 22 women in the NP group), and BMI (27.8 6 1.4 vs 29.4 6 1.3 kg/m 2 , CP vs NP, P = NS). The clinical characteristics of these subjects are summarized in Supplemental Table 1 . All subjects were nondiabetic. Nondiabetic status was determined by review of each subject's medical record. Nine of the subjects with CP had a history of alcohol abuse/dependency. No history of alcohol abuse was documented in the remaining 10 subjects with CP.
For assessment of nonhormone-expressing endocrine cells (CPHN cells) in pancreas, a subgroup of 12 CP and 24 NP cases was selected and matched for age (56.7 6 5.8 vs 65.0 6 3.1 years, CP vs NP, P = NS), sex (5 men and 7 women in the CP group, 13 men and 11 women in the NP group), and BMI (25.9 6 1.5 vs 29.8 6 1.7 kg/m 2 , CP vs NP, P = NS) (Supplemental Table 1 , indicated by "CPHN subsets"). In the CP subgroup, six subjects had a documented history of alcohol abuse/dependency, and six subjects had no recorded alcohol abuse. For assessment of chemokine (CXCL10) and its receptor CXCR3 expression in the islets of CP or NP, a subgroup of CP and NP (n = 4 in each group) was selected and matched for age and sex (Supplemental Table 1 , indicated by "CXCL10/ CXCR3").
The subset of cases for CPHN analysis was chosen to include the spectrum of severity of CP, and the NP cases were matched for age and BMI. Likewise, the four subset cases for chemokine and receptor expression were chosen to cover the spectrum of severity of pancreatitis, from microscopic foci to 100% involvement, and the NP cases were matched appropriately.
Pancreatic tissue processing, histology, and morphometric analyses
Pancreas was fixed in formaldehyde, embedded in paraffin, and stained for hematoxylin and eosin as well as insulin and glucagon for subsequent analysis as previously described (20) . In the CP group, there was variability in the severity of the disease, ranging from mild CP, with foci of disease occupying ;5% of the tissue area, to severe disease occupying 100% of the tissue section. The classic features of CP, including parenchymal destruction, fibrosis, ductal dilatation, ductuloinsular complexes, and foci of acinar-to-ductal metaplasia, were evident (Fig. 1A-1C ). To quantify fractional b and a cell area, the ratios of the insulin-stained area/total pancreas parenchymal area or glucagon-stained area/total pancreas parenchymal area, respectively, were digitally measured as previously described (20) . All morphometric analyses were performed in a blinded manner by two independent investigators.
Immunofluorescence staining for CPHN cells, CXCL10, and CXCR3 with insulin and glucagon Sections (4 mm) were stained for chromogranin A, insulin, glucagon, somatostatin, pancreatic polypeptide, and ghrelin to detect CPHN cells as described previously (17, 18) . For CXCL10-CXCR3-insulin or CXCL10-CXCR3-glucagon staining, after antigen retrieval of the paraffin sections of pancreas of CP or NP cases (by following a standard antigen retrieval procedure using citrate buffer), tissues were blocked with blocking buffer (3% bovine serum albumin, 0.2% Triton X-100) for 1 hour at room temperature followed by incubation with a cocktail of rabbit anti-CXCL10 ( For insulin-glucagon-CXCL10 or insulin-glucagon-CXCR3 staining, slides were incubated with a cocktail of the following primary antibodies: guinea pig anti-insulin (1:100, Abcam; catalog no. 7842, RRID: AB_306130), mouse anti-glucagon Figure 1 . Pathology of pancreas in a subject with CP. Adjacent sections of pancreas from a subject with CP (40-year-old male, BMI 34.6) stained for (A) hematoxylin and eosin (H&E), (B) insulin (diaminobenzidine) with hematoxylin counterstain, and (C) glucagon (diaminobenzidine) with hematoxylin counterstain, showing typical features of CP (i.e., fibrosis, loss of acinar tissue, dilated pancreatic ducts, and areas of acinar-to ductal metaplasia). Insets show an increase of insulin-and glucagon-positive cells (arrows) in ductal epithelium (upper) and in acinar-to-ductal metaplasia (lower) with a preponderance of glucagon-positive cells in both locations. (D, E) Percentage of (D) insulin and (E) glucagon fractional area in the subjects with CP and without CP (NP). Both insulin and glucagon fractional area were increased in the CP group (insulin area %: 1.55 6 0.29 vs 1.01 6 0.08, CP vs NP, *P , 0.05; glucagon area %: 0.71 6 0.14 vs 0.37 6 0.04, CP vs NP, **P , 0.005). (F) The glucagon/ insulin ratio was increased in subjects with CP (0.55 6 0.06 vs 0.37 6 0.03, CP vs NP, **P , 0.005). CP, n = 19; NP, n = 38. *Ductules in an area of acinar-to-ductal metaplasia. Scale bar, 250 mm in lower-power views, 150 mm in insets.
(1:1000, Sigma-Aldrich; catalog no. G2654, RRID: AB_259852), and rabbit anti-CXCL10 (1:100, Abcam; catalog no. ab9807, RRID: AB_308792) or goat anti-CXCR3 (1:300, antibodiesonline; catalog no. ABIN334381, RRID: AB_10776441). The primary antibodies were detected by a cocktail of appropriate secondary antibodies.
Quantification of CPHN cells
To quantify pancreatic endocrine cells in the NP human subjects and those with CP, 50 islets, clusters of endocrine cells, and single endocrine cells per sample were imaged at 320 magnification using a Leica DM6000 microscope (Leica Microsystems) with a Hamamatsu Orca-ER camera (C4742-80-12AG; Indigo Scientific) and Openlab software (Improvision). Each field of view was calculated to be 0.292 mm 2 . Endocrine cells and CPHN cells were quantified and analyzed according to our previous reports; the 24 NP cases included here were reported previously as having CPHN cells (17, 18) . In brief, islets were selected by starting at the top left corner of the pancreatic tissue section and imaged in a methodical fashion working across the tissue from left to right and back again including all islets encountered, up to a total of 50 islets per subject. Scattered endocrine cells were defined as a grouping of three or fewer chromogranin-positive cells. The mean numbers of endocrine cells within islets for the CP and NP groups were 
Quantification of CXCL10 and CXCR3 in a and b cells
To quantify the percentage of islet endocrine cells (a and b cells or both) that express CXCL10 or CXCR3, 20 to 30 randomly selected islets per sample were imaged at 320. The CXCL10/CXCR3-expressing endocrine cells contained within each islet were manually counted, and the following data were recorded: (1) the number of insulin-positive b cells staining for CXCL10 or CXCR3, (2) the number of glucagon-positive a cells staining for CXCL10 or CXCR3, (3) the number of cells positive for both CXCL10 and CXCR3 that costained for insulin or glucagon, and (4) the number of insulin-glucagon double-positive cells costaining for CXCL10 or CXCR3.
Confocal imaging
Confocal fluorescent images of the immunofluorescent slides were obtained using a Zeiss LSM700 confocal scan head mounted on a Zeiss Axiovert inverted-based microscope with a 203 objective. Sequential excitation at 488, 555, 639, and 405 nm was provided by a pigtail-coupled solid-state laser with polarization-preserving single-mode fiber. Fully automated reflection/fluorescence detection channels, each with highly sensitive photomultiplier tubes, were used for collecting green, red, purple, and blue (4 0 ,6-diamidino-2-phenylindole) in channels one and two, respectively. After sequential excitation, green, red, purple, and blue fluorescent images of the same field or islet were saved and analyzed by Zeiss (ZEN) software. The term "Merged" in the figures refers to the coincidence of green, red, purple, and blue fluorescence as measured by the confocal microscope.
For the confocal z stack, optical sections through the entire selected islets (using a 203 objective) were collected for four channels in axial (z) dimension spaced at intervals of 0.5 mm. Once the islet was selected, points above and below the islet in the z-plane were defined by driving the microscope to a point just out of focus on both the top and bottom of the islet. Images were recorded as a series of .tif files with dimensions of 767 3 767 pixels.
Statistical analysis
Statistical analysis was performed using Student's t test with GraphPad Prism 6.0 software (GraphPad Software, La Jolla, CA). Data in graphs and tables are presented as means 6 standard error of the mean. Findings were assumed statistically significant at P , 0.05.
Results
Insulin and glucagon area measurement
Fractional pancreatic areas immunopositive for insulin and for glucagon were increased in CP (insulin area %: 1.55% 6 0.29% vs 1.01% 6 0.08%, CP vs NP, P , 0.05; glucagon area %: 0.71% 6 0.14% vs 0.37% 6 0.04%, CP vs NP, P , 0.005) (Fig. 1D and 1E ). The changes in insulin and glucagon area also resulted in an increase in the glucagon/insulin ratio (0.5 6 0.06 vs 0.37 6 0.03, glucagon/insulin ratio, CP vs NP, P , 0.005) (Fig. 1F) . This is in accord with a previous publication (21) .
The composition of endocrine and CPHN cells in islets in CP compared with NP controls
There was no alteration in islet composition in CP in terms of the number of b cells per islet cross-section (19.9 6 2.6 vs 23.8 61.8 b cells per islet cross-section CP vs NP, P = NS) or in the number of endocrine cocktail cells per islet cross-section (13.9 6 2.3 vs 17.7 6 2.2 endocrine cells per islet cross-section, CP vs NP, P = NS). We previously reported an increased frequency of CPHN cells in humans with both type 1 and type 2 diabetes as well as in the prediabetic stage in rats (17) (18) (19) . Because the overall reported prevalence of diabetes is nearly 50% in CP (22, 23), we here investigated the frequency of CPHN cells in subjects with CP but specifically without the confounding effect of diabetes. There was a sevenfold increase in CPHN cells in the islets of subjects with CP (2.1% 6 0.67% vs 0.35% 6 0.09% CPHN cells in islets, CP vs NP, P , 0.01) ( Fig. 2A-2C ). Within the CP group, the frequency of CPHN cells in islets was not different between the six subjects with documented alcohol abuse and the six subjects with no history of alcohol misuse (2.63% 6 1.06% vs 1.75% 6 0.89%, alcohol abuse vs no known alcohol misuse, P = NS).
Scattered endocrine cells, with a disproportionate increase in nonhormone expressing cells, are more frequent in pancreas from subjects with CP
In a prior study we noted that isolated endocrine and CPHN cells scattered in the exocrine pancreas were more abundant in obese individuals with type 2 diabetes (18), reproducing the pattern present in the late fetal and early postnatal pancreas in humans (18) . In the subjects with CP, we also found an increase in endocrine cells occurring as scattered single cells and clusters (16.9 6 2.5 vs 11. 4 The relationship between CPHN cells and age, BMI, b cell area %, a cell area %, and the glucagon/insulin ratio There was no relationship between age and the number of CPHN cells per unit area of pancreas in either the CP or the control groups (Supplemental Fig. 1A ). There was a negative correlation of CPHN cells per unit area with BMI in the control subjects (r = 0.50, P , 0.01) (Supplemental Fig. 1B) . However, there was a striking positive correlation of CPHN cells with BMI in the CP group (r = 0.70, P , 0.01) (Supplemental Fig. 1B) . There was no relationship between CPHN cells and b cell area %, a cell area %, or the glucagon/insulin ratio in subjects with or without pancreatitis.
Frequency of polyhormonal cells in CP
We used immunofluorescence staining of insulin and a cocktail of antibodies to noninsulin islet hormones (glucagon, somatostatin, pancreatic polypeptide, and ghrelin) to identify insulin-expressing cells that express other islet hormones in CP (n = 14) and NP (which included lean and obese subjects with no diabetes, n = 22) (Fig. 3) . Consistent with our prior results (17), these polyhormonal endocrine cells in islets were more frequent in CP compared with NP (% of polyhormonal cells of total endocrine cells in islets, 2.7 6 1.2 vs 0.1 6 0.04, CP vs NP, P , 0.01) (Fig. 3C) .
Coexpression of CXCL10 and its receptor CXCR3 with insulin and glucagon in islets of subjects with CP and NP
The chemokine CXCL10 has been reported to be involved in the progression of pancreatitis-like injury in mice after murine retroviral infection (24) . b cells that are exposed to cytokines express chemokines, which are also produced in islets in the setting of insulitis in mice (25) . Moreover, CXCL10 is produced by murine b cells (25) and is increasingly detectable in serum of newly diagnosed or prediabetic human subjects (26) . Because we reported an increased number of hormone-negative and polyhormonal endocrine cells in the prediabetic state in the human islet amyloid polypeptide (HIP) rat model of type 2 diabetes (17), we questioned whether the inflammatory chemokine CXCL10 has a role in modulating pancreatic endocrine cell trans-or de-differentiation in humans with CP. We found that both b (Fig. 4A and 4B) and a ( Fig. 5A and 5B) cells expressed CXCL10 in islets of subjects with and without CP and that the percentage of both b and a cells expressing CXCL10 + cells of total a cells, 74.6% 6 11.8% vs 33.0% 6 4.4%, CP vs NP, P , 0.05) (Figs. 4C  and 5C ). We next evaluated the expression of CXCR3 in insulin-and glucagon-producing cells in CP and NP cases. Consistent with previous reports (27) , our data indicate that .95% of a and b cells (both in CP and NP) express CXCR3 (Figs. 4D and 5D) ; however, the percentage of b and a cells that express both CXCL10 and CXCR3 was higher in CP compared with NP (68.2% 6 5.0% vs 26.4% 6 10.3% of Ins + CXCL10 + CXCR3 + cells of total b cells, CP vs NP, P , 0.05, and 74.3% 6 11.8% vs 33.02% 6 4.5% of Glu + CXCL10 + CXCR3 + cells of total a cells, CP vs NP, P , 0.05) (Figs. 4E and 5E). The above data suggest that the CXCL10-CXCR3 interaction is higher in b and a cells in CP and might be associated with endocrine cell transdifferentiation in CP, resulting in an increased a to b pancreatic fractional area.
Expression of CXCL10 or CXCR3 in insulin-glucagon double-positive cells in CP: islet-derived chemokine mediated trans-differentiation? CXCL10 and CXCR3 have been reported to be upregulated in the pancreas of subjects with CP (11). However, their association with the morphological changes of islet endocrine cells has not been previously explored. Because we found increased expression of CXCL10 and CXCL10-CXCR3 coexpressed a and b cells in CP, we questioned whether a-b double-positive cells express CXCL10 or CXCR3. To investigate this, the same cases of NP (n = 4) and CP (n = 4) that were used to analyze CXCL10/CXCR3 were stained with insulin, glucagon, and CXCL10 or CXCR3. In the case of CP, 1096 6 463 (mean 6 standard error of the mean) endocrine cells (a cells + b cells) were counted, and among them 48 6 13 cells were double positive (Ins + Glu + ). For the NP cases, 1523 6 298 endocrine cells were examined, and 1.7 6 0.5 cells were double positive. As anticipated, whenever an a-b double-positive cell was found, it was positive for CXCL10 and CXCR3 ( Fig. 6 ; Supplemental Figs. 2 and 3) . Colocalization of insulin and glucagon double-positive cells with CXCL10 was also confirmed by confocal z-stack images (Supplemental Fig. 4A and 4B ).
Discussion
CPHN cells are highly abundant during new endocrine cell formation in fetal and neonatal life. Lineage tracing studies in rodent models have shown b cell neogenesis in the context of exocrine pancreas inflammation. In the current study, we sought to investigate the relationship between the inflammation present in the exocrine pancreas in nondiabetic subjects with CP with the frequency of CPHN cells.
We confirmed the previous findings that pancreatic a and b cell fractional area was increased in CP, likely as a consequence of loss of acinar tissue (21) , along with increased frequency of endocrine cells expressing both insulin and glucagon. We then determined that there is a marked increase in nonhormone-expressing endocrine cells in CP in islets but particularly as single cells or small clusters scattered throughout the exocrine pancreas. Although these CPHN cells may be newly forming cells, it is possible that these cells are dedifferentiating endocrine cells in response to stress secondary to the inflammatory milieu present in CP. Because lineage tracing is not possible in humans, this possibility cannot be discounted. However, the distribution of CPHN cells, being most frequent as scattered cells in the exocrine pancreas rather than in established islets, weighs in favor of them being newly forming cells because this pattern recapitulates that seen in the neonatal human pancreas when b cells are increasing in number (18) . Given the increase in endocrine cells costaining for insulin and glucagon in the setting of CP, a third possibility is the bihormonal cells emerging from CPHN cells along with the possibility of a cells transdifferentiating into b cells.
This led us to investigate the endocrine compartment of the pancreas for key chemokines known to be upregulated in the exocrine compartment in CP. We found that .95% of both a and b cells express CXCR3, with no difference between CP and NP groups. However, the percentage of a and b cells expressing CXCL10 was markedly increased in this cohort of nondiabetic subjects with CP. Given the loss of pancreatic volume in CP, it would be optimal to relate these findings, particularly the a and b cell areas, to total pancreatic weight. However, at autopsy, typically only a single block from pancreas tail is collected, and, because the entire pancreas is not routinely removed, pancreatic weights were not available.
Our findings suggest that the well-documented inflammation in the exocrine pancreas affects all compartments of the pancreas. One consequence may be the 0 ,6-diamidino-2-phenylindole (DAPI) (blue), and merged (yellow) and (B) insulin (white), glucagon (green), CXCR3 (red), DAPI (blue), and merged (yellow). Scale bar, 50 mm in lower-power views, 10 mm in insets.
activation of regenerative programs, perhaps resulting in an increase in newly forming endocrine cells. These findings are in keeping with our recently published work in the human islet amyloid polypeptide rat model of type 2 diabetes (HIP rat) where we demonstrated a twofold increase in replication in the pancreatic duct gland (PDG) compartment in the prediabetic state (28) . The fact that this increased PDG replication was present in the HIP rat before the deranged metabolism accompanying diabetes implies that islet inflammation is a sufficient stimulus to induce ductal replication, and we reported that this is also the case in pancreas from human brain-dead organ donors in whom there was increased PDG and ductal replication in both type 1 (29) and type 2 diabetes (28). In the setting of the exocrine pancreatic inflammation of CP, we now demonstrate that inflammation is present in pancreatic islets even in the nondiabetic state.
